Photo-induced spin-state change in correlated electron systems is examined theoretically, motivated by the recent pump-probe experiments in perovskite cobaltites. Effective Hamiltonian for the photo-excited state is derived from the two-orbital Hubbard model. High-spin state is induced by the photo-irradiation in the low-spin ground state. We demonstrate that this photo-induced spin-state change is detected by the pump-probe spectroscopy.
Introduction
It is widely accepted that ultra-fast photo-induced phenomena are one of the attractive themes in recent condensed matter physics. In particular, a number of novel photo-induced effects have been reported in the correlated electron systems, such as the transition-metal compounds, the low-dimensional organic salts and others. This is due to competitions between a number of electronic and structural phases cased by a subtle balance of interactions acting on the multi-degrees of freedom, charge, spin, orbital and lattice. One of the proto-typical examples is the photo-irradiation phenomena in perovskite manganites [1] . A strong competition between the charge ordered insulator and the ferromagnetic metal is related to the occurrence of the colossal magneto-resistance. By photo-irradiation in the charge-ordered insulating state, a transient ferromagnetic metallic state is observed by the pump-probe experiments. This is attributed to the strong correlation between magnetism and charge state in this system.
There is additional degree of freedom in some transition-metal compounds where a transition-metal ion takes multi-spin states. This is termed the spin-state degree of freedom. One famous example which shows this degree of freedom is the perovskite cobaltite La 1-x Sr x CoO 3 where a Co ion is able to take the high-spin state (S=2), the intermediate-spin state (S=1) and the low-spin state (S=0). Transitions between these spin states are reported experimentally by changing temperature, carrier concentration and so on. Recently, a possibility of the spin state change in cobaltite by photo-irradiation is suggested in the pump-photon experiments [2, 3] . It is well known that the photo-induced spin-state change is observed in the so-called spin-cross over complex, such as Co-Fe polycyanade [4] where the lattice change associated with spin-cross over is thought to be important. On the other hand, in the perovskite cobaltite, it is recognized that itinerant character of the 3d electrons is crucial for the electronic and magnetic structures. Actually, a transition from the low-spin insulator to the high-spin metal occurs with increasing temperature and carrier concentration.
In this paper, we investigate theoretically the photo-induced spin-state change, motivated by the pump-probe experiments in cobaltites. We derive the effective model for the strongly correlated electron system with spin-state degree of freedom and analyze the model numerically. It is found that the high-spin state is induced by the photoirradiation in the low-spin ground state. We demonstrate that this spin-state change is detected by the pump-probe experiments.
Model and Method
In order to examine the photo-induced dynamics in correlated electron system with the spin-state degree of freedom, we start from the Hubbard-type Hamiltonian with two orbitals [5] . We introduce the two orbitals, denoted by A and B, at the each lattice sites. We assume that the energy level of A is higher than that of B and the energy separation between the two is denoted as When the average electron number per site is two, the possible low energy electronic states at a single site are (A 1 B 1 ) with spin triplet and (A 0 B
2 ) which correspond to the high-spin and low-spin states, respectively. The explicit form of the Hamiltonian is given by (1 (1) where c i is the electron annihilation operator at site i, with orbital (=A,B) and spin (= , ), and n i is the number operator. Between the same orbital in the nearest-neighbor sites in the lattice, the electron transfer t is introduced. At each site, the intra-orbital Coulomb interaction U, the inter-orbital Coulomb interaction U , the Hund coupling J, and the pair-hopping J are considered. When the electron number per site is two, the high (low) spin state is realized in the limit of J>> (J<< ). Between the Coulomb interaction parameters, we have relations of U=U +J and J=J .
Based on the above Hubbard-type Hamiltonian, we derive the effective Hamiltonians which are suitable to calculate the electronic states before and after pump-photon irradiation. Before pumping, the local electronic states, explicitly considered in the effective Hamiltonian, are restricted to be the high-spin state denoted by (A . Because J LS is positive, the high-spin and low-spin states are attractive with each other. The effective Hamiltonian for the state after pump-photon irradiation denoted by H eff (1) is given in the same way. Based on the Hamiltonian before pumping, we obtain the electronic and magnetic properties in the ground state and the optical spectra. We note that one electron-hole pair is assumed to exist in the Hamiltonian for the photo-excited state, H eff (1) . The lowest energy state obtained in this Hamiltonian corresponds to the most stable one-photon excited state.
Derived Hamiltonians are analyzed by the exact-diagonalization method in a finite size cluster based on the Lanczos method [6] . We adopt a two-dimensional 8-site cluster and calculate the ground state energy, the spin correlation function, the spin state correlation function, and the optical absorption spectra with good accuracy.
Results
The ground state phase diagram before pumping is presented in Fig. 1 in the plane of the Hund coupling J and the energy level splitting . As expected, in the large limits of and J, the high-spin and low-spin states are realized, respectively. Between the two, we recognize the high-spin/low-spin ordered state where the high-spin site and the low-spin site are long-range ordered alternately. This is caused by the attractive exchange interaction between the low-spin and high-spin sites given in Eq. (3).
FIG. 1:
Phase diagrams before and after pump-photon irradiation. Abbreviations HS, LS, and H/L represent the high-spin state, the low-spin state and the high-spin/low-spin mixed state, respectively. Bold and broken lines represent the phase boundaries before and after photo irradiation, respectively.
Next we introduce the photo-excited state. The phase boundary after the pump-photon excitation is represented by the broken lines in Fig. 1 . Between the low-spin and high-spin states, there is a state where the low-spin and highspin states are mixed. However, these two spin states are not long-range ordered, different from the case before pump-photon irradiation. As shown in the figure, a region of the high-spin/low-spin mixed phase after photo irradiation is larger than that before irradiation. In particular, let us focus on the region near the phase boundary between the low-spin and the mixed spin-state phases. In this region, the photo-irradiation in the low-spin state near the phase boundary induces the mixed spin-state phase. In order to investigate this phenomenon in more detail, we examine the character of this photo-induced spin-state mixed phase by calculating the spin and charge correlation functions and the spin-state correlation functions. We find that, in the photo-excited state, the high-spin ( FIG2: Optical absorption spectra in the photo-excited states. The high-spin state is not induced by the pump-photon in the cases of t B /t A =0.1-0.25, and the high-spin is induced in the cases of t B /t A =0-0.05.
In Fig. 2 , we present the optical absorption spectra in the photo-excited states. We present the two cases where the photo-induced spin-state change occurs in the cases of t B /t A =0-0.05 and this does not occur in the cases of t B /t A =0.1-0.25. The spectral peak in the cases of t B /t A =0.1-0.25 corresponds to the Drude component in the thermodynamic limit, due to the carrier motion in the low-spin state. On the other hand, the peaks in the cases of t B /t A =0-0.05 are attributed to the optical excitation between the bonding and anti-bonding electronic states in the hole/high-spin bound states mentioned above. We expect this difference between the two cases will be confirmed by the pumpprobe experiments.
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